Low dimensional perovskites are considered good candidates for light emitting applications given the high exciton binding energy which should in principle improve the radiative recombination efficiency. Yet, single-layered two-dimensional (2D) perovskite films are strongly limited by trap-assisted recombination and suffer from low luminescence yields, hampering their application in electroluminescence devices. Here, we use ad hoc synthetic and defect engineering strategies to overcome such issue. We employ metallic doping to controllably introduce luminescent impurities in a matrix made of 2D perovskite NMA2PbX4 based on the cation NMA = 1-naphtylmethylammonium. By means of temperaturedependent and time-resolved spectroscopy we demonstrate efficient energy transfer to Mn 
centres. Such process avoids the funnelling of the photo-excited species in inefficient recombination channels represented by intra-gap trap states and enhances photoluminescence, with quantum yield surpassing 20% in doped films. Eventually, we embody Mn-doped NMA2PbBr4 in a light emitting diode architecture and show, for the first time, electroluminescence from the Mn 
INTRODUCTION
In the last years, metal halide perovskites have been attracting increasing interest for light emitting applications such as light-emitting diodes (LEDs) and field-effect transistors (FETs), lasing and scintillators. [1] [2] [3] [4] [5] [6] [7] Three-dimensional (3D) perovskites have emerged as the best candidate for high-efficiency solar cells, 8 and they have been demonstrated recently also in efficient LEDs. [9] [10] [11] Nevertheless, the research community keeps exploring alternative structures to improve the efficiency of radiative recombination. 12, 13 The possibility to sensibly increase the exciton biding energy (up to few hundreds meV) by exploiting spatial and dielectric confinement in low-dimensional structures formed by the alternation of organic and inorganic sheets has revived the interest in two-dimensional (2D) perovskites. 14, 15 Impressive results have been achieved with multidimensional Ruddlesden-Popper perovskites, where the creation of perovskite films with self-organized heterogeneous phases is exploited to realize a cascade energy transfer from 2D perovskites with large band gap to 3D perovskite domains with narrower band gap, achieving photoluminescence quantum yield (PLQY) values up to 60% and external quantum efficiencies (EQE) beyond 14% in LEDs. [16] [17] [18] [19] [20] [21] [22] However, with the exception of photoluminescence measured on exfoliated perovskite single crystals, 23 most of the single-layered 2D perovskites reported so far suffer from very low PLQY <3% when processed in form of thin films, which have frustrated the fabrication of efficient LEDs and their room temperature operability. 20, [24] [25] [26] [27] [28] [29] [30] Although the origin of the inefficient radiative recombination in these single-layered 2D structures is not yet fully understood, it is likely to stem from fast exciton quenching at room temperature and their high trap density, [31] [32] [33] which is consistent with the observation of ultrabroadband largely Stokes shifted luminescence in several compounds of this family. 24, 34 Careful synthetic design and defect engineering might represent the key to avoid rapid non-radiative quenching and improve the luminescence yield and tunability of 2D perovskites. Two strategies can be identified, involving the use of photoactive organic cations or the addition of selected heteroatoms to the perovskite lattice. In the first case, energy transfer to functional templating cations (such as quaterthiophene derivatives) has been exploited to improve the light emitting properties of layered perovskites, in some cases with successful integration in electroluminescent devices. [35] [36] [37] On the other hand, doping with transition metals (Mn 2+ ) and rare earth metals (especially Yb   3+ and Ce
3+
) have been recently investigated in 3D perovskites nanocrystals such as CsPbBrxCl3-x, where the luminescence from the energy levels of the dopant led to a substantial PLQY enhancement. [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] For example, PLQYs of Mn-doped CsPbCl3 nanocrystals typically reaches 30-40%; 50 however, such high efficiencies are usually reported in colloidal dispersions, while it is challenging to preserve them in solid-state, due to the severe luminescence quenching encountered in CsPbCl3 nanocrystals when deposited as thin films. 23, 51 Thanks to the wider band gap compared to their 3D homologues, 2D perovskites can serve as excellent host materials to achieve efficient energy transfer to guests dopants. Among 2D perovskites, successful doping with PL enhancement comparable to 3D perovskite nanocrystals has been reported only in BA2PbBr4 (BA=butylammonium), 52 however the mechanisms underlying the luminesce enhancement of these systems are yet to be clarified. Moreover, to date, there are no reports about their actual integration in electroluminescent devices.
In this work, we investigate the use of a photoactive organic cation and an inorganic dopant to overcome the fast exciton quenching in single-layered 2D perovskites by using (NMA)2PbX4 (where NMA = 1-naphtylmethylammonium) as a host matrix for manganese doping. NMA is a molecule with energy of the triplet state comparable to the Mn
A1 transition characteristic of the inorganic dopant, and are both ideally placed to allow an active role in the luminescent properties of the material. [53] [54] [55] [56] By means of temperature dependent and time-resolved spectroscopy, we show that energy transfer from the perovskite's PbBr4 2- inorganic layers can occur to both the NMA cation and the Mn 2+ guest ions with consequent spectral tuning of the perovskite emission. However, only in the case of metallic doping highly efficient energy transfer is achieved, allowing to overcome the exciton trapping process and leading to luminescent enhancement with PLQY>20% in spin-coated bulk films. To test the effectiveness of the doping strategy for light-emitting devices, for the first time we employed Mn 2+ -doped NMA2PbBr4 as an active material achieving orange electroluminescence in LEDs operable at room temperature. This proof-of-concept demonstration paves the way to new synthetic strategies for improving the luminescence properties and spectral tunability of lowdimensional perovskites.
RESULTS AND DISCUSSIONS
Films of NMA2PbBr4 were spin-coated from DMF solutions by dissolving the organic salt (NMA)Br and the inorganic precursor PbBr 2 in 2:1 stoichiometric ratio, while for the doped material MnBr2 was added to the spin coating solution. Doped samples are indicated here with the notation NMA2PbBr4:Mn(x), where x indicates the molar ratio of manganese with respect to lead in the starting solution. The formation of the perovskite NMA2PbBr4 was confirmed by X-ray diffraction performed on both powders and thin films (Fig. 1A and S1 ): as typically observed with such 2D perovskites, in the case of the spin-coated film only some of the diffraction peaks are visible (4.73°, 9.37°, 14.05°) due to the strong preferential orientation of the perovskite on the substrate (Fig. 1A) . To study the effects of Mn inclusion on the perovskite structure, we investigated NMA2PbBr4:Mn(x) over the compositional range x=0-30% mol (Fig. 1A) . Upon manganese addition, the host structure is perfectly retained and the absence of additional diffraction peaks excludes the phase segregation of a Mn-based perovskite (for example NMA2MnBr4, Fig. 1A ). A gradual change in the relative intensities of the host diffraction peaks is observed, which can be due either to a change in the scattering factors after doping or to a slight difference in the preferential orientation induced by the presence of Mn. Previous works have demonstrated that manganese doping in 3D lead perovskite nanocrystals proceeds with partial substitution of the octahedrally coordinated Pb 2+ with the isovalent ion Mn 2+ . Given the bigger ionic size of Pb 2+ (133 pm) compared to Mn 2+ (81 pm) lattice contraction is expected, leading to the shift of diffraction peaks to higher angles. 39, 42, 50 However, in this system, we did not observe a significative change in peaks position or width: this suggests that the crystallization process allows only a small fraction of Mn 2+ to enter the NMA2PbBr4 lattice, without therefore resulting in sensible structural change or strain, regardless of the Mn concentration in the precursor solution.
Despite the minor structural changes, Mn addition has a clear impact on the optical properties. The NMA2PbBr4 absorption spectrum shows the sharp excitonic absorption typical of 2D perovskites peaked at 385 nm, further confirming the formation of the layered perovskite structure in which the exciton binding energy is strongly enhanced due to quantum and dielectric confinement effects. With Mn addition a clear, albeit small, 3 nm blue-shifts and 3 nm bandwidth broadening of the excitonic peak is observed ( Fig. 1B and S2) . A similar effect involving the blue-shift of the band-edge absorption was also reported in Mn-doped CsPbCl3 and CdSe nanocrystals, and can be attributed to the substitutional alloying of Mn 2+ in the PbBr 4 2-framework which partially disrupt the orbital hybridization of the inorganic skeleton of the host. 42, 57, 58 The change in the absorption spectrum is extremely similar for all the doped films, irrespective of the Mn/Pb ratio, indicating that the lattice reaches saturation already at the lowest Mn concentration in the precursor solution. While having minor effects on the perovskite absorption (see also temperature dependent absorption in Fig. S3 ), manganese inclusion heavily affects the luminescence properties of the material. Upon photoexcitation of NMA2PbBr4, the main free-excitonic emission is observed at 390 nm (3.18 eV), jointly with a broad luminescence tail in the range 400-500 nm, likely arising from intra-gap defect states with a wide energy distribution (Fig. 2a) . Additionally, the broad triplet emission from the NMA + organic cations appears as a weaker broad band peaked at 550 nm. On the other hand, in the doped films the free excitonic emission is almost completely quenched, while a bright orange emission (peaked at 600 nm) originating from the emission is more marked than in Mn-doped CsPbClx-3Br3 nanocrystals, 42, 50 indicating a more efficient energy transfer to the guest ions in the case of the 2D perovskite NMA2PbBr4. The change in emission wavelength is accompanied by a remarkable PLQY enhancement from less than 1% (pristine perovskite) up to 22% in doped perovskite thin films. Although we reached the maximum PLQY value at the Mn 2+ concentration x=10% mol, we note that the PLQY is barely affected by the Mn 2+ concentration in the precursor solution, and remains nearly constant (PLQY~20%) within the range x=2%-30% mol Mn 2+ (Fig. S4 ). We have also tested the iodide-based perovskite NMA2PbI4. Here the NMA phosphorescence is not visible and Mn 2+ doping is much less effective, since manganese emission only appears as a weak shoulder of the main free-excitonic emission (Fig. 2C,D) . This observation is consistent with previous reports on CsPbX3 nanocrystals, where the intensity of Mn luminescence decreases in the series Cl->Br->I following the reduction in thermodynamic driving force for the energy transfer to the doping centres. This is due to the perovskite band gap narrowing and the consequent unfavourable relative position of the energy levels of host and dopant. Differently from the standard alkylammonium cations such as butylammonium, 1-naphtylmethylammonium (NMA) is a functional organic cation which enables an active role in the optoelectronic properties of the perovskite. 12, 36, 37, 54 In fact, the organic salt precursor (NMA)Br at room temperature shows intense fluorescence peaked at 350 nm jointly to a broad, weak phosphorescence in the range 550-650 nm (Fig. S5) . When NMA is embedded in the perovskite lattice, the structural rigidification jointly with the heavy atom-effect (the presence of Pb and Br relaxes the spin selection rule for the formally forbidden T1→S0 transition) considerably enhance its phosphorescence, which becomes clearly visible (Fig.  3A) . 53, 55 At low temperature the NMA triplet emission is further resolved, showing the vibronic progression of the phosphorescence with the main two transitions peaked at 560 nm and 605 nm (see also the normalized PL spectrum in Fig. S6 ). The photoexcitation map (Fig.  3B) shows an excellent match between the triplet emission band and the perovskite absorption profile, indicating transfer from the excitons in the PbBr4 2-layers to the triplet of the organic layers. However, a closer look at the spectrum highlights a strong competition between the energy transfer towards the triplet state and the exciton trapping processes, leading to a broad PL tail in the range 400-500 nm. On the other hand, in NMA2PbBr4:Mn(10%) the Mn: 
51,59
The excitation spectrum of the transition based on the Mn 3d orbitals perfectly matches the perovskite absorption, indicating an excellent energy transfer from the perovskite host structure to the guest Mn ions. Thanks to band narrowing and red-shift, at temperatures below 120K it is possible to disentangle the NMA phosphorescence from underneath the main broad manganese emission, appearing as a weaker shoulder at 560 nm. This reveals that both radiative channels remain active even in the doped system, with the Mn luminescence being the dominant component. Contrary to the perovskite's free excitonic emission, which decreases at higher temperature ( Fig. 3C and S8) , the temperature dependence of the manganese PL intensity shows a maximum at 260 K, which allows to identify two distinct regimes ( Figure 4A ). When 77 K < T < 260 K the Mn 2+ emission increases at higher temperature, likely as a consequence of improved exciton diffusion from the perovskite to the emissive doping centres. Thanks to the favourable alignment of the NMA triplet state (T1), transfer could proceed via two channels schematically depicted in the energy level diagram of Fig 4B: i) direct transfer from the perovskite's excitons to the recombination centres introduced by the Mn 2+ guest; ii) cascade transfer from the perovskite's excitons to the NMA triplet state, followed by final transfer to the Mn 2+ centres. Both mechanisms compete with the exciton trapping at the perovskite defect sites that, in the pristine material, result in PL broadening and promote non-radiative recombination causing severe luminescence quenching. In the doped system, funnelling to Mn 2+ introduces an additional channel which allows to overcome the detrimental trapping at perovskite defects, favouring radiative recombination at the doping sites and finally enhancing the PLQY. When T > 260 K, the PL intensity quickly drops since de-trapping from Mn 2+ sites become more favourable (likely involving back-transfer to the NMA triplet state, Fig. 4B ), jointly with increased exciton thermal quenching up to 360 K (Fig. 4A) . We also performed time-resolved photoluminescence measurements (TRPL) under photoexcitation at 355 nm (3.49 eV) at room temperature. The emission from (NMA)2PbBr4 (Fig. 4C ) decays in few hundreds of µs, a typical time range for triplet excitation. 53 Upon manganese addition (Fig. 4D) , the PL spectrum consists in a main band at 620 nm with a lifetime extended to thousands of µs, characteristic of the formally spin-and parity-forbidden 4 T1→ 6 A1 transition of Mn 2+ which slows down the radiative recombination. 51, 59 The power dependence of the manganese luminescence shows a maximum of relative PLQY at the excitation density 10 17 cm -3 , which might stem from exciton-exciton annihilation processes occurring at higher excitations even before reaching the saturation of the Mn 2+ emissive centres. To test the electroluminescence properties of the material, we integrated (NMA)2PbBr4:Mn (10%) as emitter in a perovskite light-emitting diode (PeLED) architecture. The structure of the device was ITO/PEDOT:PSS/PolyTPD/NMA 2 PbBr 4 :Mn(10%)/TPBi/Ba/Al, where PEDOT:PSS is a hole injecting layer, PolyTPD plays a role of a hole transporting material, while TPBi is an electron transporting material (see Fig. 5A ). Due to the low conductivity of the wide band gap lead bromide perovskite, the use of extremely thin perovskite layers was compulsory to allow charge transport and radiative recombination within the perovskite film. Spin coating from low concentration (0.066 M) DMF perovskite solutions on PolyTPD yielded 30 nm thick films made of discontinuous perovskite islands (Fig. 5B,C) . Although the imperfect coverage creates extra current-loss channels in the device, the presence of thin perovskite islands allowed us to probe radiative recombination of injected charges within the perovskite domains at room temperature (Fig. 5C) . The shape of the EL spectrum (Fig. 5D) closely resembles the PL spectrum of the doped material, proving that the emission is mainly originating from manganese centres, although a minor contribution from the NMA triplet emission might also be involved (See Fig. S9) . A small red-shift (10 nm) of the EL with respect to the PL is most likely caused by different mechanisms of excitation responsible for both emissions. In PL the whole bulk of the material is excited uniformly, therefore states with a wide energy distribution are populated evenly. On the other hand, in the case of electrical excitation charge carriers preferentially populate states with the lowest energy, hence emission is redshifted with respect to PL. Finally note that in Fig. S9 , the EQE of a non-doped PeLED with the same architecture as the Mn-doped one is also presented. The diode employing NMA2PbBr4 without doping is almost one order of magnitude less efficient; this feature reflects well the measured PLQY values of both materials and supports the doping strategy as a possible way for luminescence tuning and efficiency improvement of 2D perovskites. CIE coordinates of the EL spectrum are x = 0.59, y = 0.41 (Fig. 5E) , which correspond to orange colour, as confirmed by a photograph of the working device in the inset of Fig. 5D . Current density-voltage-luminance plot of the device is presented in Fig. 5F . The current density curve has the shape typical for a diode, while the luminance curve does not follow the same trend. Such discrepancy is probably caused by the poor conductive properties of the 2D perovskite and the not optimal electrical conditions for efficient emission from the material, which ultimately lead to low luminance values at relatively high current densities.
In summary, we have investigated the effects of Mn-doping in NMA2PbX4, where NMA=1-naphtylmethylammonium and X=Br, I. Even though transfer from the perovskite inorganic layers can occur to both NMA and Mn 2+ , we showed that only after manganese introduction a remarkable improvement of luminescence efficiency is achieved, reaching PLQY > 22% in doped films. This indicates that the insertion of the metallic heteroatom into the perovskite framework is fundamental to guarantee highly efficient energy transfer to the doping centres overcoming trap-mediated non-radiative recombination pathways. For the first time, we have shown electroluminescence from the guest metallic ions (Mn 2+ ) in a perovskite host structure achieved in light-emitting diodes with room-temperature operability, with improved properties compared to the pristine perovskite. This proof-of-concept demonstration shows the effectiveness of inorganic doping as alternative way to tune and enhance the optoelectronic properties of layered perovskites, paving the way for the study of more efficient materials. Our work motivates the study of different combination of templating organic cations and metallic ion guests (e.g., Cu + and lanthanides) and prompts the deeper investigation of the transfer dynamics in such complex systems. We foresee that the development of new deposition methods to obtain uniform ultra-thin 2D perovskite films, and the use of multidimensional perovskites as host structures will considerably improve the charge transport as well as the device efficiency.
EXPERIMENTAL PROCEDURES
The experimental procedures are included in the Supplemental Information.
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D.C. and W.M. contributed equally to this work. D. C. and A.P. conceived the idea for the manuscript and designed the experiments. D. C. synthetized and characterized the materials. W. M. fabricated and characterized the PeLEDs. S. N., T. B. and G. F. performed spectroscopic characterizations. A. P. supervised the work. All authors contributed to the data analysis, discussed the results and contributed to the writing of the manuscript. about 30 nm. Afterwards, a 35 nm thick film of 1,3,5-Tris(1-phenyl-1-H-benzimidazol-2-yl)benzene (TPBi) was thermally evaporated on the samples at a pressure 1*10 -6 mbar. Subsequently, the samples were transferred to a metal evaporator, where 7 nm of barium and 100 nm of aluminium were evaporated through a shadow mask, creating in this way a cathode. The active area of the devices was 8.3 mm 2 . The light-emitting diodes were encapsulated by placing a single drop of a resin (E132 PV & LED Encapsulation Epoxy, Ossila) on the active area, covering it with a microscope glass slide and UV curing for 20 min.
Device characterization.
Current-voltage (I-V) device characterization was performed with a Keithley 2602 source meter combined with a photodiode with known responsivity (OSI Optoelectronics, UV-100DQC). Measurements were realized by applying bias to the diode while the photodiode in contact with the device registered the emitted light. Electroluminescence was collected by an optical fiber and recorded by an Ocean Optics Maya 2000 Pro spectrometer. Efficiencies were calculated assuming a Lambertian distribution of emission. 
